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Abstract  
 
The following research is conducted to determine the extent that vortex erosion has on bridge 
piers. A literature review has been conducted to identify the preceding research that has been 
conducted in similar areas and the application that it has to this dissertation project. Basic 
concepts and background information are provided in the fields of flow, vorticity, erosion, 
scouring and bridge failure due to these factors. 
 
A total of six [6] prototype have been constructed for use within hydraulic flumes. Three [3] 
scaled for laboratory testing and three [3] scaled for erosion testing. Due to time constraints 
the erosion testing was unable to be carried out. 
 
A laboratory hydraulic flume was used to measure the velocity profile surrounding the three 
piers. The three piers being tested included a cylindrical pier used to collect control data, a 
standard aerofoil shaped pier, and a prototype aerofoil design with a 45 degree skirt 
surrounding the base of the pier. The relative velocities within the flow were measured using 
an Acoustic Doppler Velocimeter from which data was collected and analysed by MATLAB 
software into a series of plots for interpretation. 
 
From these it was concluded that the prototype pier has the potential to reduce reduce the 
formation of both horseshoe and wake vortices therefore reducing the potential scour and 
erosion. 
 
More research is needed within this area before a satisfactory decision can be made on the 
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Nomenclature  
 
   Pier width 
   Diameter 
  Diameter 
    Froude number 	
  
   Force due to inertia 	   Force due to gravity 
   Gravity 
   Correction factor- pier shape    Correction factor- angle of attack    Correction factor- bed conditions    Pier length 
   Length 
  Scaled pier length for laboratory testing   Relative length x or y of flow path within the Bremer River   Length value scaled for testing    Hydraulic radius 
   Reynolds number   Bed slope   General velocity 
  Average velocity of flow within the Bremer River   Velocity value scaled for testing  ,"  Scaled width of prototype skirt for laboratory testing #  Height of flow 
#   Scour depth #   Flow depth just upstream of the pier #,"  Scaled height of prototype skirt for laboratory testing $
  Pier scaling factor in y-axis 
$%  Pier scaling factor in x-axis &   Density 
&  Density of sand/bedding material 
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'   Kinematic viscosity 
(   Dynamic viscosity  
)*  Shear stress on bed )*  Critical shear stress on the bed +  Froude scaling factor 
,, Scaled pier diameter for laboratory testing 
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Chapter 1. Introduction 
1.1  Outline 
Although research has been conducted within this area there is still little knowledge of the 
extent to which the vortices are altered when irregular bridge piers are used. 
 
1.2 Introduction 
Bridges have been constructed for millennia and although design standards have changed 
throughout this time, the fundamental knowledge has stayed the same. Bridges have always 
been used to bypass obstacle that would otherwise have been unpassable. 
  
Bridges are designed for the less controllable forces produced by water, ice, snow, wind and 
possibly earthquakes, with these loads needing to be taken into account with a bridge is 
designed.  
 
Vortices form when the flow of a body of fluid is interrupted by obstacles such as the piers of 
bridges. They are a naturally occurring phenomenon that occurs with turbulent flow. A vortex 
is an oscillating flow that forms due to a separation in the boundary layer and is the reason 
that many bridges have failed around the world. 
 
The size and configuration of bridge piers are chosen to give the bridge not only more 
strength than it needs under a worst-case scenario but to provide certain aerodynamic 
characteristics within a flow. The shape of bridge piers can be altered to change the 
characteristics of the flow patterns therefore reducing the piers influence within the flow path. 
 
Engineers often look to examples of success and failure to guide their designs. Paradoxically, 
it is the failures that are the more reliable teachers. But as a failures in a structure may result 
in substantial harm to a population engineers design with safety factors in mind to avoid any 
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1.3 Objectives 
 
This research will focus on the relationship between bridge piers and the formation of 
vortices.  Bridges fail due to undermining of piers from the formation of horseshoe and wake 
vortices and the simultaneously created harmonic resonance within the structure. 
 
The erosive ability of vortices is studied and the conditions upon which they occur. A 
simulation flow is used to measure scour-inducing properties at the bridge pier. The piers will 
be tested within this simulation flow and the related data is recorded and modelled so that a 
comparative analysis can be conducted 
 
Previously conducted research is used to make general assumptions regarding characteristics 
of horseshoe vortices and the scouring process. Multiple prototypes will be used to measure 
variations within the flow and the pier cross-section will be analysed to determine theoretical 
effectiveness for prevention of erosion 
 
Experiments have been conducted to establish conditions under which erosion occurs and the 
extent to which it undermines bridge pier foundations. Previous examples of bridge failure 
are used to characterise each failure or erosion degradation. 
 
Based on previous research a scaled part of a real river system, the Bremer River, located in 
the South Eastern Corner of Queensland will be used to model data. The river section is 
scaled and modelled within a hydraulic flume where testing can be conducted. Velocities of 
the flow will be measured by Acoustic Doppler Velocimeters and the data analysed to 
examine the formation of the vortices. This model will also be used to measure the capacity 
of flow to erode a bedding or foundation material at the base of a bridge pier. 
 
As piers exert a certain amount of opposing force within a flow, the aim of this research is to 
streamline the design of a bridge pier to reduce this force therefore reducing the formation of 
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Chapter 2. Fluid Flow and Erosion Concepts 
2.1 Introduction 
This chapter details the various aspects of flow, erosion and the formation of vortices. The 
chapter analyses these basic principles. 
 
2.2 Fluid Flow Concepts 
Flow may be characterised in many different ways such as laminar or turbulent, Newtonian 
or non-Newtonian, compressible or incompressible to name a few, however flows are 
generally characterised into two main area, laminar and turbulent flow (Davidson 2004). 
 
2.2.1 Flow Classification 
Laminar flow is smooth, undisturbed and unmixed flow of layers within the flow path. 
Laminar Flow is a result of the predominant viscous forces at low velocities between the fluid 
layers. Each layer resists the movement of adjacent fluid layers. With the largest resistance 
located at the wall where the adjacent fluid layer is stationary.  
 
 
Figure 1 Laminar Flow (CREST, 2008) 
 
A turbulent flow is characterised by a rapid fluctuates motion of eddies. Eddies are small 
fluid elements that have common circular motion. Eddies may develop in different sizes, 
directions and have different lifetimes. The velocity profile in a turbulent flow is much flatter. 
Just like laminar flow, the fluid velocity at the section wall is zero. However, it increases 
rapidly to an average velocity.  
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Figure 2 Turbulent Flow (CREST, 2008) 
 
The transition in flow from laminar into turbulent depends on many factors such as the fluid 
physical properties, specifically the fluid viscosity and density, velocity, and the dimension 
and characteristics of the flow section. The principle that distinguishes laminar flow from 
turbulent flow is the Reynolds number (Davidson 2004).  
 
Fluid flow is defined and governed by general physical laws of matter, energy and 
momentum that can be used to determine various characteristics. Theses general laws are 
known as the laws of conservation of matter, energy and momentum. 
2.2.2  Conservation of Matter 
 
Matter cannot be created or destroyed, it can only be transformed from one for to another. 
This is the law for the conservation of matter as it can apply to fluid flow for maintaining 
equilibrium of a system (Chadwick, 2006). The law for conservation of mass is also known 
as the continuity principle for hydraulic applications. 
 
The basic principle for matter conservation can be applied as thus, 
 
 -../0 123 45 6  -../0 123 27. 
 
This generally implies that any matter entering a system must be equal to the matter exiting 
the system. This is applied to fluid flow by calculating the mass of fluid entering the system 
which by conservation of matter must therefore be equal to the mass of the fluid exiting the 
system. Mass of flow entering the system is calculated by, 
 
 
174 /584.# 9 48:;0/ 0./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Therefore flow entering must equal flow exiting, 
 
<=>? 6 <=@AB 
Equation 1 
Where & is the density of the fluid and C is the rate of discharge. Discharge is a function of 
velocity,  and cross-section area of the flow, D. 
  
48:;0/ 6 /2:4.# 9 D0/ 
Q 6 V 9 A          or         Q 6 uA 
Equation 2 
Note that 7and D are the velocity and area of fluid upstream (in) and in below calculations, 
downstream values are noted as 7 and D (out). 
 
For conservation of mass of the fluid, 
 
7D 6 7D 
2.2.3 Conservation of Energy 
 
As with the law of the conservation of matter, the law for conservation of energy states that 
energy cannot be created or destroyed but can be transformed for example from potential to 
kinetic energy (Chadwick, 2006). 
 
For hydraulic applications, energy is usually calculated using the ‘Bernoulli equation’ which 
implies that as with conservation of matter that energy entering a system must equal the 




2 L N 6 K& L 7

2 L N 6 O 6 :258.5.  
          Equation 3 
 
Where K is pressure, z is elevation and  O is energy, referred to as head with units of metres. 
 
Energy can be extracted from a fluid in the form of friction or contraction losses but note this 
is not destroying energy it is merely changing form. Energy can also be added to a system in 
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the form of a pump which allows water to be pumped over or around obstacles and overcome 
greater friction and elevation losses.  
 
2.2.4 Conservation of Momentum 
 
Momentum cannot be lost or gain without an external force being applied. This is the law for 
the conservation of momentum (Chadwick, 2006). This is related to Newton’s Second Law of 
motion, 
 
120:/ 6 0./ 21 :;5/ 21 -2-/5.7- 
(Chadwick, 2006) 
 
Momentum equilibrium is the same as energy and matter conservation where momentum of a 
fluid entering a system is the same exiting the system. 
 
-2-/5.7-P 6 -2-/5.7- 
Where momentum is equal to, 
 
-2-/5.7- 6 &QCQ.7 
         Equation 4 
Applying continuity principle where mass in equals mass out, QC 6 QC, to Newton’s 
Second Law of Motion, 
 
Q 6 -7. 6  &QCQ.7 R 7Q. 6 &QC7 R 7 
         Equation 5 
Where units are previously as noted and t is related unit of time. 
 
2.2.5 Reynolds Number 
 
Reynolds number represents the ratio of inertia and viscous forces within a flow and is a 
fundamental attribute of flow classification. The relationship was first coined when German 
engineer, G.H.L. Hagen noticed a change in fluid flow with varying velocities. Reynolds used 
Hagen’s work to classify flow between laminar and turbulent. Reynolds also linked laminar 
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and turbulent flow to pipe sizes and corresponding velocities at which transition from laminar 
to turbulent flow occurs. For flow to conform between pipe sizes, fluid must reach equality, 
outlined by Reynolds as: 
 
S&7( T U VW/
YVYV/ZYW/Z 6 VWYV
YVYVZYVYVZYVWY 6 V1Y 
          Equation 6 
Where & is density,  is length,7 is relative velocity and ( is absolute viscosity of the fluid. 
Dimensional analysis represents M, L and T as mass, length and time respectively. 
 
/\\ 6 ' 6 &(  
          Equation 7 
Where V is relative velocity of fluid in pipe with diameter D, density of & and dynamic or 
kinematic viscosity as (, ' respectively. 
. 
From fluid flow through a pipe, laminar flow occurs between: 
 
Re < 2100 
 
With transition from laminar to turbulent flow occurring at: 
 
2100 < Re < 2300 
  
And turbulent flow forms within a fluid with Reynolds numbers of: 
 
Re > 2300 
 
For fluid flow with a free surface, the hydraulic radius is an important factor which is the 
ratio of area to wetted perimeter. If we take hydraulic radius for full flowing pipe, R=A/P 
then R=D/4;  
/]PP 6 &( 6 &4( 120 17 123 K4K/ 6 /\\4  
          Equation 8 
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For open channel, the Reynolds limit for laminar flow approximately becomes: 
 
Re < 500 
And turbulent limits of: 
 
Re > 1000 
 
As previously mentioned, turbulent flows create a fluctuating circular motion within a fluid 
called eddies. It is these motions within the fluid that form vortices and with enough intensity 
have the ability to scour away bedding material. 
 
2.3 Vortex Formation 
When an ‘eddy’ is referenced in regards to turbulent flow, it is a vortex of associated 
rotational flow. Vorticity relates to angular velocity within a fluid that creates a particular 
rotational element. Upstream vortices that occur when flow interacts with frontal side of the 
pier are called horseshoe vortices and wake vortices occur at the downstream side of the pier 




Figure 3 Types of Vortex Formation (Meville 1988) 
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
Michael J Saunders  Pg.9 
2.3.1 Horseshoe Vortices 
As the fluid upstream of the pier clearly has no angular momentum (vorticity) and yet those 
downstream do, it must originate at the surface of the pier.  
 
Obstacles placed in a flow induce a negative pressure gradient in the upstream flow resulting 
in boundary layer separation in front of the pier. A flow down the length of the pier is also 
developed due to the pressure gradient of the flow on the upstream face of the pier. The 
interaction between this downward flow and the boundary layer close to the riverbed results 
in the formation of a vortex. The vortex is then swept downstream and as they wrap around 
the pier in the shape of a horseshoe (hence popularly known as the horseshoe vortex) form 
depth scour patterns surrounding the pier. Notice the formation of a hole immediately 
surrounding the pier. A vortex forms at the leading edge of the pier, enlarging the hole. 
 
2.3.2 Wake Vortices 
At the downstream edge of the pier, a stagnation point forms in the flow; here the shear is 
reduced and the balance between settling and erosion results.  Empirical methods are 
commonly employed with limited success to predict the rate and amount of scour around 
hydraulic structures.  
 
At high viscosity values, flow around a cylinder have a steady, symmetric flow pattern, As 
the Reynolds number approaches unity the upstream/downstream symmetry is lost and in the 
range 5<Re<40 steady vortices can be found attached to the rear of the cylinder. When Re 
reached value of around 40, instability is observed in the form of an oscillation of the wake, 
and by the time Re~100 is reached the vortices start to peel off from the rear of the cylinder 
in a regular, periodic manner. It is this point that wake vortices and the related erosion occurs 
(Mohammadi 2008). 
 
Michael J Saunders 
Figure 4 Vortex Formation with Stoke
 
For high values of Re, the turbulence spreads out of the vortices and we can obtain a fully 
turbulent wake. In general Re represents the ratio of inertial to viscous forces in a fluid hence 
Re is important in determining the state of flow. 
 
2.4 Sediment Transport
Sediment transport generally occurs
the combined cohesive, drag and weight forces related to that particle. When this occurs the 
particle is move from its original position to another creat
effect. Aggradation is essentially deposition of material eroded from an upstream source 
therefore raising the elevation the bed. This in turn will change 
stream or waterway and may conseque
occur. Degradation in regards to sediment transport is in essence another term for scouring 
and erosion as it removes existing materials to another location leaving the area that void. So 
degradation has to occur before aggradation can deposit material
 
Scouring and erosion can be classified as any removal or excavation of material from the 
banks or bed of a channel. Scouring of bedding material has the potential to expose 
University of Southern Queensland 





 when the lift forces on particles within a flow overcome 
ing an aggradation or degradation 
the flow characteristics of 
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foundations of the structures rendering them unstable. Scouring occurs locally within a flow 
but can have ongoing problems throughout the stream length. It is generally assumed that 
scouring only occurs in bedding material that is fine and cohesionless, (Hamill 1999) 
although scouring in cohesive soils can be just as significant. Depending on flow conditions 
scouring in cohesive soils may develop in the same time period.  
 
 
Figure 5 The effective forces on sediment within a flow (Hans Graf, 1984) 
 
Streambed erosion is a natural occurrence which is contributed to by the formation of 
vortices. Erosion is the degradation or lowering of a streambed by which the bed of the 
stream is eroded to a new lower level at a much faster rate than occurs naturally. 
 
There are four primary factors that contribute to erosion severity: 
• interruptions, location and physical properties of the streambed sediment supply; 
• the bed slope and bed controls within a flow area; 
• the local velocity; 
• relative discharge. 
 
Erosion is related to the local shear stress on the bed. This tractive force is exerted by the 
water on the channel and can be applied during the design phase of a bridge to predict the 
motion of particles. 
 
Shear stress on a bed: 
)* 6 &#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          Equation 9 
Critical shear stress on a bed: )*& R & 6 0.056 
          Equation 10 
The Shields parameter was determined from various experiments. It was determined that 
critical threshold of motion occurs at c 6 0.056 . 
 
These are generally applied over the entire width of the flow channel to determine the 
minimum width required to convey a certain discharge. Theoretically the relative tractive 
force can be applied around the base of a bridge pier. Associated formulas and theories are 
used to determine the scour size and pattern when designing abutments and foundation 
structures. 
 
Erosion around hydraulics structures can cause significant damage and poses a safety hazard. 
Therefore certain safety factors must be taken into account when designing for erosion. 
 
2.5 Vortex Erosion 
Both horseshoe and wake vortices significantly affect the scouring process at the base of the 
bridge piers. It is very difficult to analyse the scour problem theoretically due to the 
complexities of the three-dimensional flow, its interaction with the transport of sediment and 
the changing boundary conditions. Knowledge of the maximum possible scour around a 
bridge pier is of paramount importance in safe and economic design of foundations of bridge 
piers. 
 
An acceptable method of calculating scour due to erosion was proposed by Richardson et al. 
(1993), at the Colorado State University (Hamill 1999). 
 
\ 6 2.0deee fg\dh
i.jk i.l 
          Equation 11 
 \ 6  depth of scour 
 e 6 pier nose shape adjustment factor 
 e 6 angle of attack adjustment factor 
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 e 6 bed configuration adjustment factor 
 g\ 6 width of pier, diameter 
 d 6 upstream flow depth 
  6 Froude number 6 mn	om 
 
Adjustment factors are required to specify conditions unique to each flow scenario to create a 
more accurate picture of the conditions under which scouring occurs. Note that depth of scour 
is dependent upon the Froude number calculated from the average flow velocity and height of 
the flow upstream. Scouring is therefore dependant on the varying velocity within the flow. 
 
 
Figure 6 Adjustment factor for nose shape of pier (Hamill, 1999) 
 
 
Figure 7 Adjustment factor angle of pier in relation to the flow (Hamill, 1999) 
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Figure 8 Adjustment factor for bed configuration (Hamill, 1999) 
 
This method provides a general empirical value that can be used for basic hydrological 
designs but as stated above does not take into account the varying complexities  
 
Historical, geological and flow data is typically used to evaluate potential scouring and its 
effects. Currently, maintenance and inspection routines are used to make sure bridges do not 
fail due to the effects of scouring.  
 
2.6 Bridge Failure 
Bridge failures have occurred throughout the years. Causes are grouped into nine categories 
as noted by Smith (1976,1977): 
 Flood and foundation movement; 
 Unsuitable or defective permanent material or workmanship; 
 Overload or accident; 
 Inadequate or unsuitable temporary works or erection procedure; 
 Earthquake; 
 Inadequate design in the permanent material; 
 Wind; 
 Fatigue and; 
 Corrosion. 
(Hamill 1999) 
As each type of bridge failure is an expansive subject matter this research paper will only be 
focusing on the first and sixth bridge failures listed, ‘flood and foundation movements’ and 
‘inadequate design in the permanent materials’. 
 
As flow passes through a bridge it undergoes a reduction in the cross-section of the flow path. 
In bridges with short spans and large pier diameters this results in a substantial increase in 
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velocity that could easily remove the sedimentary bedding materials and erode the 
foundations. 
As the openings of a bridge are not generally the full flow width of a river or waterway, water 
accelerates as it approaches the restricted opening.  Consequently these higher velocities 
cause scouring and foundation erosion. The narrower the bridge opening in comparison to the 
natural flow path the higher the velocities and the more easily the bedding material can be 
transported by the flow. 
 
To account for scour and erosion patterns hydrologist and hydro-geologist must estimate the 
magnitude of frequency of flood events. Bridges must then be designed for the 
unpredictability and power of nature. 
 
Scour is a problem with design aspects and procedures changing throughout the years to 
reduce or remove its effects. A generally approved solution is to use a rock or rubble bed as 
armouring although cost effectiveness and the unpredictability of flood events generally bring 
this method into question (Hamill 2009). Modern construction techniques make serious scour 
problems less possible but design features should always be taken into account. Bridges may 
perform unpredictably in storm events and the accumulation of bedding material and debris 
also vary greatly. 
 
2.6.1 Case 1: Schoharie Creek Bridge 
 
The Schoharie Creek Bridge is located near Albany in the United States of America as part of 
a 900km superhighway across the New York State and is the first example to portray the 
relative causes and effects of bridge failure.  
 
The bridge design was completed by Madigan-Hyland Consulting Engineers and was 
designed to the 1949 edition of “Standard Specification for Highway Bridges”. The 
Schoharie Bridge has 5 spans with the largest being approximately 36 metres (120 feet) 
supported by tie beams and tapered columns fixed to plinths on shallow spread footings. The 
construction contract was awarded to B. Perini and Sons in early 1953 and construction 
started shortly after. The bridge was partially opened in 1954 and minor problems such as 
cracks and inadequate reinforcing had to be fixed throughout the following years. 
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Figure 9 Pier Section (Storey et al., 2009) 
 
The Schoharie Bridge failed on the 5th of April, 1987 due to the severe structural caused by 
erosion. Previous flood and high flow events had caused degradation around the base of the 
primary support piers. A previous 100 year flood that occurred a year after opening, in 1955 
was thought to have contributed to the failure of the bridge by significantly eroding the 
existing bedding material. The effect of the 1955 flood on the Schoharie Bridge was not 
checked and therefore the instabilities from this erosion contributed to the overall failure 
during the high flow events in 1987.  
 
 
Figure 10 Plan of bridge (Storey et al., 2009) 
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The collapse was initiated when snowmelt and rainfall combined to produced a 50 year flood 
that causes the failure of pier three which in turn caused spans three and four to collapse. An 
hour and a half after the spans three and four failed, this was followed by pier two and its 
associated supported span. 
 
 
Figure 11 Photo of Schoharie Creek Bridge failure, 1987, courtesy of Howard F. Greenspan 
(Delatte 2008) 
 
Failure was attributed to inadequate maintenance and inspection techniques which allowed 
ongoing underwater erosion to amount to dangerous instabilities. The shallow footings and 
bedding material was inadequate for the bridge requirements the rip-rap around the base of 
the piers was insufficient and not inspected leading to progressive damage. 
Overall the case study of the Schoharie Creek Bridge was used to better understand the 
effects of scouring and the potential catastrophic failure that can result from inadequate 
design and maintenance procedures. The case study was used to re-evaluate current design 
standards, increasing the importance of scouring evaluation and prevention.  
 
2.6.2 Case 2: Blackmount Road Bridge 
 
The Blackmount Bridge spans the Mararoa River in New Zealand. On the 25th of August 
1980 the bridge failed due to the continuing effects of scouring around the base of the support 
piers. Throughout 1980 the Mararoa experienced significantly larger than average flows 
contributing to the overall failure of the bridge piers (Melville et al., 2002).  
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The bridge superstructure of steel trusses and precast concrete deck is supported by 
reinforced wall-type piers constructed out of concrete. The bridge has two primary spans of 
34.4 metres long (Abutment A to Pier B and Pier B to Pier C, refer to figure 12) and a third 
span connecting Pier C to the bank abutment with a span of 13.2 metres. The piers were 
constructed on bedding material that consisted of 2 metres of large gravel and boulders and 
11 metres of smaller gravels and sands. 
 
Figure 12 Plan View and Elevations for Blackmount Road Bridge (Coleman et al., 2001) 
 
The bridge failed in 1980 during floods with the highest flow rates in recorded history. Flow 
rates were recorded as high as 984 cumecs in 1980 (cubic metres per second) compared to the 
average flow of, 34 cumecs.  The 1980 flood event showed a 123 percent increase to the 
average annual maximum flow from the recorded data (1963 to 1996) of 440 cumecs.  
 
During the failure event the bedding material was scoured along the width of the channel and 
around the base of Pier B resulting in the collapse of Pier B. The roadway and superstructure 
in turn bucked but did not collapse. The maximum recorded scour around the base of the pier 
was recorded at 2.9 metres 
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Figure 13 Deflection in structure of 3m after the removal of Pier B (Melville et al., 2002) 
  
Temporary measures installed by means of a temporary pier to prevent the Bridge from 
continuing to buckle or to fail completely.  The remedial work consisted o restoring the 
riverbed material to the original level and constructing a newer more stable footing with a 
deeper foundation design. The new Pier B was protected by rip-rap extending 3 metres out 





Figure 14 Temporary measures to prevent total collapse of Bridge (Storey et al., 2003) 
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Even with these protective countermeasures, the pier foundations were severely damaged 
during a flood in 1991 which undermined the embankment and causing slippage of the piers. 
The bedding material was restored and once again larger rip-rap was provided. 
 
This case outlines the particular need for a factor of safety when designing structures. This 
factor of safety must be customized per design as no two construction projects are alike. After 
the 1980 flood when they became aware of the problem and instigated corrective measure, 
these corrective measures were inadequate to solve the problem. This may not necessary be a 
design fault as not every scenario can be catered for, but a larger factor of safety for the re-
design of the bridge foundations should have taken into account and prevented the 1991 
scour.   
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Chapter 3. Vortex Erosion and Bridge Piers 
3.1 Pier Design Principles 
 
When designing bridges for optimum hydraulic performance, general aerodynamic principles 
can be applied to reduce the effect within the flow and improve the hydraulic efficiency of 
the design. As there can be are large variations in the channel characteristics and 
environmental factors, bridges do not always behave hydraulically, in the manner that there 
designers intended. Designers should consider explicit consequences of changes in 
foundation conditions due to scour, resulting from design floods at strength and service limit 
states (Xanthakos 1995). 
 
When designing a pier to resist erosion there are many considerations that must be made. 
Engineers must observe existing problems within the channel and stream bed to determine 
streambed materials and geomorphic properties with the potential to scour. Considerations 
must also be made for the natural features of the area, such as the path of waterways, 
potential debris problems, and flow cross-sections upstream and downstream of the target 
area.   
 
Rounding of upstream facing surfaces and openings is a common approach to increasing the 
efficiency of waterway structures. This also improves the overall aesthetic design of the 
structure.  By rounding the surface of the structure so that the shape closely matches the 
streamline curvatures, the energy loss from the interaction between the flow and structure can 
be reduced.  Usually rounding is only applied to the upstream facing surface with little or no 
alteration to the downstream surface. Vortices form due to the sudden contraction of this 
downstream edge. Therefore by rounding or tapering the design of the downstream face it 
reduces the disturbance and vortex formation.  As with the upstream design, the downstream 
surface is tapered into a point for the experimental prototype as match streamlines of the flow 
more efficiently.  
3.1.1 Froude Scaling 
 
Froude numbers are used to determine dynamic similarity between flows. Where a 
geometreic scale is applied to scale the flow depth and height, the Froude number is used to 
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scale flows due to the importance of gravity on free-surface flow. It is used to compare the 
resistance of pier within the fluid between the realistic and scale model experiments.  
 
Froude scaling uses the ratio of inertia forces to gravity forces to scale between models used 
in this research.  
 




          Equation 12 
Where  is force of inertia, 	 is gravity force,  is length and other variables are as 
previously defined. 
 





          Equation 13 
Any parameters referred to as “actual” are dimensions related to the Bremer River, while any 
referred to as “scaled” are applied to the experimental test flume. 
  
 6 n 6
n 
          Equation 14 
 6 t  
          Equation 15 
+ 6   u   6 √+ 
          Equation 16 
Scaling velocities from full scale flow to laboratory, 
  w +

    5     6 x+
 
          Equation 17 
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For typical discharge calculations, Q=VA, the average velocity is used over the cross-
sectional area of the flow path. This is the same principle applied when scaling but scale 
ratios for velocity and area are used to determine the proportional flow. 
 
48:;0/ 8:845 1:.20, +y 6 CC 
          Equation 18 
  
/2:4.# 8:45 1:.20, + 6  w +

  
          Equation 19 
D0/ 8:45 1:.20, +z 6  #g# 6 +%+
 
          Equation 20 
Using these scaling factors which are applied as, Q=VA, 
 




         Equation 21 
 
3.2 Pier Erosion 
This research is investigate the extent of erosion on circular and aerofoil  bridge piers. This 
involves investigating the vortices formed on a pier during the scouring process. Different 
piers are used to ascertain the degree to which the shape of the pier influences the erosion 
patterns and severity.  
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Figure 15 Scour at the base of a pier (Muzzammil et al., 2003) 
 
The formation of horseshoe vortex is generally investigated on an erodible sand bed to 
determine the vortex characteristics. A sand bed is placed on the floor of an experimental 
flume under the base of the pier. A flow is then produced and allowed to flow over the sand 
and around the pier until the particular flow characteristic are achieved. The achieved flow 
has a standard depth and velocity. As soon as flow has achieved critical bed velocity, the 
scouring process will begin and the bedding material around the base of the pier will begin to 
erode. The scouring proceeds for a set amount of time or until the scouring process reaches a 
state of equilibrium and flow is stopped. The scour pattern and severity is determined 
spatially using a terrestrial laser scanner. The data is analysed and compared to known 
existing scour patterns. (Muzzammil et al., 2003) 
  
Theoretically any soil type can be used to measure erosion although cohesive soils can reduce 
the rate of scour compared to sand or other cohesionless soil. Therefore other soil types 
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3.3 Scour Patterns and Severity 
There are numerous flume experiments and theories being published in an attempt to relate 
the rate of sediment transport by a flow to the strength of the flow itself.  As of yet there is no 
definitive agreement has been reached upon discharge, mean velocity, tractive force and rate 
of energy dissipation to which sediment transport should be related. Therefore current 
theories are mainly based on the collected data from a multitude of experiments. The 
numerical data collected from flume experiments are difficult to apply to realistic flow 
scenarios.   
 
The following diagram shows a scour pattern that develops around a circular bridge pier in an 
initially plane sediment bed. The plot show significant point of erosion and maximum scour 
depths at the pier front, along the pier sides, and at the rear of the pier.  
 
 
Figure 16 Local Scour Pattern (Sarker, 2000) 
 
Formed vortices remove bedding material from around the base of the pier where a scour 
hole will develop over a set period of time. Eventually the local scour should reach an 
equilibrium state where material being transported out of the hole is equal to material being 
transported into the hole. 
 
Scour holes are important as they create instabilities in structure foundations. Therefore 
maintenance, correct processes and good judgement is required to monitor and minimise a 
scour hole forming. As there is no (single) definitive way to calculate sediment discharge 
there is a lack to standard judgement to measure and predict scour. As there are many factor 
affecting the erosion, individual sites require investigation to determine the flow 
characteristics. If a structure obstructs a flow, the pattern of that flow is significant change 
leading to unique scour patterns. In severe cases, if erosion is not monitored, scouring can 
lead to foundation failures as a result of the flow interacting with the hydraulic structure and 
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therefore understanding a flow around a structure is important (Sarker, 2000). Note that scour 
can generally include lateral erosion of waterways including abutments and piers and may 
result from the flow approaching the structure at a skewed angle instead of perpendicularly, 
increasing the potential risk and severity of the erosion.  
 
3.4 Reduction of Vortex Erosion and Scouring 
The foundation of a bridge pier in a riverbed is often quite expensive. Hence some 
arrangements are generally made to reduce scour depth and minimise foundation depths 
while still providing minimum anchorage length for safety and thus reducing the overall cost 
of the pier foundation. The prediction of maximum possible scour depth and design of 
suitable scour protection system for a bridge pier are two important aspects in bridge 
engineering from the safety and economic considerations. Both horseshoe and wake vortices 
dislodge sediment away from the pier and therefore the characteristics of these vortices are 
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Chapter 4. Equipment and Software 
4.1 Equipment 
4.1.1 Acoustic Doppler Velocimeter 
An Acoustic Doppler Velocimeter (ADV) operates by the principle of Doppler shift. For 
there to be a Doppler shift, there must be a relative motion between “the sound” (frequency 
transmitted from the probe) and the receiver.   
 
The ADV emits a beam of acoustic waves at a certain frequency from the transmitter probe. 
These waves bounce off of moving particulate matter in the water and three receiving probes 
measure the change in frequency of the returned waves. The ADV uses the shift in measured 
frequencies to calculate the velocity of the water in the x, y, and z directions. 
 
 
Figure 17 Acoustic Doppler Velocimeter (Nortek, 2000) 
 
ADV’s are insensitive to water quality which allows for a wide range of applications. 
Velocimeters have been used in for velocity testing in laboratories, wave basins, rivers, 
estuaries and oceanographic research and are commonly placed behind boats or in fixed 
positions within a flow path. The probe can be orientated depending on use and direction of 
flow. 
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Figure 18 Probe Orientation (Nortek, 2000) 
 
As seen in figure 11, the second orientation was the only one used for data collection 
although it was rotated for two different configurations during testing. The second orientation 
(Figure 22) was the only one to be used as it allowed for the collection of data in the stream 
flow by measuring from a downstream or cross-stream position. From this position the ADV 
does not disrupt the flow of the sample area being measured. This would of otherwise created 
inaccuracies in the results.  
 
First configuration aimed the emitter probe directly upstream so that primary downstream 
flow occurred in the negative y-direction. The x-axis measured cross-stream flow and the 
vertical velocities were measured by z-axis. The second configuration had primary 
downstream flow in the positive x-direction (90 degree rotation) with cross-stream velocities 
in the y-direction and vertical velocities in the z-direction. The purpose of this second 
configuration was to allow the probe to take close velocity measurements along the side 
profile of the prototypes. The velocities collect from the points within close proximity to the 
model allow for a better understanding of the flow close to the piers. 
 
Between the two configurations, relatively accurate flow measurements were collected and 
exported to spreadsheet documents for further analysis using MATLAB software. The 
standard data acquisition software supplied with the Velocimeter provides real-time display 
of data in graphical and tabular form. 
 
4.1.2 Hydraulic Flume 
The flume is located in the hydraulic Laboratory near the Engineering Faculty (Z Block). The 
flume uses a centrifugal pump with capacities adequate to these experiments. There are 
current problems with the pumping mechanism most likely due to cavitation of the impeller. 
Due to the fact the this flume is also used for sediment testing it is also likely that the 
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problems in the pump are due to improper use where sediment has escaped the catcher and 
has degraded to impeller. The flume also has flow meters which is a type of magnetic flow-
meter that works on the principle  that, “voltage induced across any conductor as it moves at 
right angles thorough a magnetic field is proportional to the velocity of that conductor” (Chen 
1999). This is used to measure flow within the channel. Discharge is controlled by a valve 
located at the outlet of the pump and is measured by the flow-meter in litres per minute. With 
alteration of the parameters, the flume is capable of sub-critical, critical and super-critical 
states. 
 
Figure 19 Hydraulic Laboratory Flume with attached ADV 
 
The channel itself has a bed width of 610 millimetres and a depth of 125 millimetres (Figure 
20).   
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The CollectV software allows the user to use custom data collection parameters such as 
sampling rate, record length, salinity, and water temperature etcetera to provide graphic and 
numeric data. Collect V provides real-time information such as, velocity, signal-to-noise 
ratio, correlation, and other useful information and records them into binary .adv files. Data 
files are exported to .csv files for use in spread sheeting and mathematical software. 
 
4.2.2 MATLAB 
MATLAB uses various forms of mathematical visualisation and programming to assess 
problems. MATLAB programming language allows you to solve many matrix, vector and 
formulation problems, in a fraction of the time that other programs would require. MATLAB 
uses function files (m-files) that allow it solve particular problems with ease. It is a standard 
program for calculations in mathematics, engineering, and science for research, development, 
and analysis of data.   
 
4.2.3 Microsoft Excel 
Excel is part of the Microsoft Office package. It uses a selection of sheets, workbooks, 
macros and other designed algorithms to create a user-friendly environment. Excel is mainly 
a mathematical solver which like MATLAB uses visualisations to increase usability. 
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Chapter 5. Experimental Methodology 
5.1 Outline 
Experiments are conducted over the period of three weeks in the hydraulics laboratory of the 
University of Southern Queensland. The testing is performed in an open channel hydraulic 
flume made primarily out of materials similar to acrylic to reduce surface friction within the 
flow. 
 
5.2 Bridge Pier Design 
Six [6] experimental prototypes are manufactured within the scope of this research, three [3] 
for testing of the parameters of this research and [3] for ease of future research purposes. The 
prototypes are used for testing within a scaled flow regime so that results are comparable. 
 
This research will use the dimensions obtained from the historical information of the Bremer 




Figure 21  Bremer river bridge pier modeled after centre pier supporting 72´0´´ and 90´0´´ 
spans, courtesy of the Department of Main Roads (Drysdale 2008) 
 
For Laboratory Testing the pier must be proportionally scaled so that collected results are 
comparable to the Bremer River system. 
 
*Note that $ is that scaling constant used to for pier design and sediment scaling. 
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Using dimension of Bremer River and the hydraulic test flume (Figure 20 and 21), they are 
geometrically scaled to determine the scale factors for the pier, 
 {|} 6
~B}@} 6 . . { 6 .  @ |} 6 .   
          Equation 22 
{| 6 ~B@ 6 {. . { 6 .  @ | 6 .   
          Equation 23 
 
With bridge pier diameter, 2.44 m (using $% ; 
 
,, 6 2.44 9 0.00278 6 0.0678 - 
 
Therefore scaled bridge pier is 67.8mm in diameter. 
 
 
Ratio for unit length from previous experimentation (Drysdale 2008),  
 
Length : Diameter 
3.2:1 
For Laboratory Testing, 
 6 3.2 9 67.8 6 217.0  220 -- 
 
Ratio for skirt height of 1/10 is used a basis for this new research as it will set a benchmark 
for any future testing, 
Skirt Height : Water Profile Depth 
1:10 
For Laboratory Testing, 
#," 6 100 9 110 6 10 -- 
 
For a 45⁰ skirt, the x distance from base of skirt must also be scaled, 
 
For Laboratory Testing, 
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 ," 6 10 9 0.002780.00486 6 5.7 -- 
 
 
Each of the six [6] piers were milled using a CNC machine provided by the University of 
Southern Queensland, out of a section of wood. The piers are were milled out medium-
density fibreboard, then coated in a hard resin to protect the pier from water absorption 




Figure 22 Pier Prototype Design 
 
From previous research (Drysdale, 2008), the Bremer River Bridge was modelled to get 
realistic application data. The flow section from this river is used to calculate dimensions for 
the prototype piers. Two [2] sets of prototypes will be manufactured for testing. One set of 
three [3] units for laboratory testing and a second set of three [3] for erosion testing in the 
flume located in the agricultural plot at USQ as part of a future research assessment.  
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Figure 23  Hydraulic flume for erosion testing 
 
5.3 Flow Scaling 
From previous research conducted by Dirk Drysdale (2008), standard flow and river 
dimensions from the Bremer River between Brisbane and Toowoomba were scaled to use as 
a base for this testing model. The measured dimensions of the river system are an average 
flow depth of 20.56 metres, a river width of 21.95 metres with a velocity of 2.61m/s during 
the selected flow event. Piers within the flow are 2.44 metres in diameter hence the effective 
flow width of the river section is 21.95 – 2.44 = 19.51 metres which will be used to scaling 
the flow.  
 
        
From Bremer River dimensions: 
Froude Scaling Factor, {} 6 . . { 6 .  @ } 6 .   
          Equation 24 
 { 6 {.  R . . { 6 {.  @  6 . {  
          Equation 25 
 
Scaled velocity for testing, 
 6 2.61 9 √0.00486 6 . { . ~{ 
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Scaled discharge for testing, 
 






Therefore the scaled discharge that is used for all laboratory testing purposes within the 
hydraulic flume is calculated as, 
C 6 1046.94 9 f 1205.6h
 f 131.98h 
 
C 6 0.01110 -. 8 6 .  />?  
 
5.4 Sediment Scaling and Critical Velocities 
 
As with flume experiments, the sediment located in the Bremer River system must also be 
scaled so that scaled velocities can be applied. From various papers (Loch, 2001 and Wong, 
1995) the average sediment size is assumed to be approximately: 
 
Sediment Size, ki 6 2-- 
 
Using the pier scaling factors (α 6 0.00486 and α 6 0.00278), these factors are applied in 
both x and y direction and largest is selected to use for calculations: 
 
  >?B >B,9 6 V|} ,  |Y  
 
 ki9 6 - V2 9 0.00486 , 2 9 0.00278Y 
 
 ki9 6 - V0.00972,0.00556Y 
 
 ki9 6 0.00972 -- 
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Neill (1968) proposed that bedding material will move in clear-water scour (Hamill, 1999) as 
velocity of flow approaches velocity (: 
  6 1.58V8 R 1kiYm   o ¡
¢
 
          Equation 26 
Where 8 is specific gravity or relative density of sediment (assumed to be 2650 kg/m3 or 8 6 2.65), ki is average bedding material diameter in that 50% of sediment is smaller and 
Y is unobstructed depth of flow. 
 
Assuming as state above that 8 6 2.65, threshold velocity becomes: 
  6 6.36  d¢ ki£  
          Equation 27 
  6 6.36 9 0.1¢ 9 9.72 9 10j£ 
  
  6 0.0925 -/8 20 9.25 :-/8 
 
Laursen (1963) provided a similar equation for critical velocity for bed material scour where 
only the numerical coefficient (Hamill, 1999) is different: 
  6 6.0  d¢ ki£  
          Equation 28 
  6 6.0 9 0.1m 9 9.72 9 10j£ 
  
  6 0.0405 -/8 20 4.05 :-/8 
 
Note that the velocity of flow use for all the calculations, 18.20 cm/s is far above either of 
these critical velocities so it is assumed that the flow will erode the bedding material (only 
related to scaled 2mm sediment). For the purpose of this research it is assumed that sediment 
transport threshold will be reached a velocity of 4.05 cm/s. This is applied to all x, y and z 
velocities within a flow. For the velocities in the x and y-direction they flow across the 
surface of the bedding material creating clear-water scour effect. At the front face of the pier 
the fluid flows down the face of the pier and revolves back on itself upon reaching the base  
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(Figure 19). The velocity of this circular flow (horseshoe vortex) can be assumed to be close 
to the velocities recorded in the z-direction at the face of the pier. 
 
5.5 Pier Configuration 
 
The pier was placed in the flow with the primary face of the pier facing the upstream flow 
(refer to Figure 24).  
 
 
Figure 24 Orientation of flow in the hydraulic flume 
 
The ADV is positioned above the flow on a rolling test rig so that it can be positioned were 
necessary for testing. The ADV frame has a computer controlled unit for precise positioning 
of the probe. Centre of the flume is located 318 millimetres horizontally away from the 
origin. Measurements are taken at a level of negative 285 millimetres vertically which is 
approximately half the flow height (refer Figure 26). This height guarantees that the probe is 
fully submerged to minimise to errors due to the frequency passing through different 
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mediums (both air and water). This height also ensures that the bottom receiving probes do 
not scrap along the bottom of the channel creating inaccuracies. 
 
Figure 25 Probe positioning 
 
Figure 26 Probe positioning 
 
Once the probe is in position and the computer is connected and turned on, velocities are 
recorded on a time period of sixty [60] seconds at a cycle of 1Hz (one sample per second). 
Samples are recorded over a large number of points that have been determined to be areas of 
significant influence within the flow. Each pier prototype has approximately 90-170 
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Standard design parameters for CollectV software includes: 
Sampling Rate:  1 Hz 
Sampling Interval:  1 s 
Number of Samples in File: 60 
Length of Time Series: 60 s 
 
Temperature:    25 deg C 
Salinity:    20 ppt 
Speed of Sound:  1518.3 m/s 
Velocity Range:  30 cm/s 
*Note that all these are default values and were not changed for testing. 
 
For research conducted by Drysdale (2008), these values were also left as defaults. By 
continuing these default values, the collected results can be compared to previously collected 
data sets. 
 
Boundaries for the samples were taken as follows: 
 Cross-stream, x-axis 
(centred at 318) 
US/DS, y-axis 
(0 at far downstream 
point of pier 
Cylinder 168 to 468  -150 to 200 
Aerofoil 168 to 468 -300 to 200 
Prototype Aerofoil 168 to 468 -300 to 200 
Table 1 Sample Boundary 
 
Samples were taken every 10 millimetres at the back of the pier so that the resulting flow 
path could be mapped accurately. From that point the probe was positioned at significant 
point along the boundary and within close proximity to the piers. Data was recorded for 60 
seconds at each individual point. 
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Figure 27 Standard testing procedure, lowering the ADV into the flow 
 
For each point, 60 samples are taken (1Hz, 60 seconds) and were averaged. The samples are 
taken at recorded by the CollectV software in an .adv file extension. These are then exported 
by the CollectV software to comma-separated values (.csv) which can be accessed by both 
excel and MATLAB. 
 
A MATLAB program was developed to interpolate the data for use in the research (see 
Appendix D). For ease of interpretation it was decided to use contour plots as they create a 
visual representation of the mapped flow.  
 
From the data collected it was decided that a time-lapse comparison is not possible without 
advanced programming to match individual flow characteristics to each other. This creates an 
inconsistency in the research data as many features of vortices are measured by oscillations in 
the flow revealed by a time-lapse analysis of the flow. As stated above only averaged data 
point are used in this research. 
 
Flow mixing can be partially determined via the produced contour plots leading to the 
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5.6 Risk Assessment 
As when conducting any experimental work it is important to conduct a risk analysis to gauge 
any potential risks that may be faced throughout. Risk is any object or activity that has the 
potential to cause harm. They are gauged on the likelihood of the event occurring and 
resulting consequences should that event occur. In this assessment there various risks 
involved and some key steps taken to avoid any harmful events occurring: 
 
Risk: During testing there is the combination of electrical equipment and water with the 
potential of electrocution. 
Solution: Follow operating procedure of both equipment and laboratory. Keep 
individual equipment, power cords and extension cords appropriate distances away 
from any sources of water.  
 
Risk: Use of heavy equipment with the potential to cause bodily injury. 
Solution: Use correct handling procedures. Use appropriate personal protective 
equipment (PPE), for example steel-capped boots, long pants, and long-sleeved shirt.  
 
Risk: Operating the laboratory independently, and without supervision. 
Solution: Follow operating procedures correctly. Notify security or related personnel 
of arrival and departure times. Understand procedures for if an incident occurs. 
 
Risk: Operating in outdoor areas, with the potential of injury (if applicable) 
Solution: Wear appropriate personal protective equipment. Understand basic first aid 
procedures in case of incident. Be accompanied by another person at all times. 
 
All these risks were taken into account during the experimentation phase of this research. 
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Chapter 6. Analysis and Discussion 
6.1 Outline 
All the results were collected and analysed through the MATLAB software and each 
individual data point was inputted. The particular data that was being looked at primarily 
included velocities in the x, y, and z directions. As stated previously, these data point were 
collected by an acoustic Doppler velocimeter positioned within the flow and collated 




Figure 28 Cylindrical, Standard Aerofoil, and Prototype Aerofoil Piers ready for testing 
 
Once the data was uploaded into the MATLAB software, appropriate velocities were found 
by averaging the collected data over the time period. As there was wide variation of data, the 
average velocities in the x, y and z direction are the primary values used for analysis.  
 
From this collected data, points were interpolated using the “meshgrid” function in 
MATLAB which allows the user to input the significant points and extrapolate the 
surrounding points. 
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In disagreement with previous research (Drysdale 2008), it is found that although the bed is 
non-erodible, vertical velocities are still relevant and are produced with sufficient detail to 
determine certain characteristics of the flow and potential erosion.  
 
From the collected data a series of contour plots were produced to provide a visual 
representation of the flow conditions and the varying effects of velocity changes throughout 
the profile. These contour diagrams were produced by inputting the various averaged velocity 
arrays and coordinate systems into MABLAB and a 2-dimensional contour plot were 
graphed. These contour plots provide sufficient insight into the flow profile and certain 
conclusions can be established. 
 
6.2 Cylinder (Control) Pier  
See Appendix B for the y-axis contour plots (refer to Figure 30 & 31), it is seen that the 
control prototype, the circular pier creates large variation in the flow. It is seen that as the 
flow approaches the pier, the velocity decreases, A6 which is measured at 7.8cm/s and can be 
approximated to zero at the surface of the cylinder. This causes the flow to wrap around 
creating high velocity areas either side of the prototype pier, A3 and A4 which carries on 
affecting downstream flow. A3 and A4 have velocities of 35 cm/s and 33 cm/s respectively 
and compared to flow located ~80 millimetres in from of the pier, A7 with a velocity of 25 
cm/s. This also creates areas on high velocity flow downstream, A2. These high velocity 
areas are primarily due to the reduction in area of the cross section.  
 
As in the pier design and scaling section of this report the flow width changes from 
approximately 610 millimetres to 542 millimetres which is a reduction of ~11.1%. 
 
As the flow passes around the cylinder there is an area of low velocity directly behind it, A5 
measured at 7.2cm/s. This area is due to the negative pressure is generated as the flow passes 
either side of the pier creating a largely turbulent region. This region creates large instabilities 
downstream of low velocity, A1. 
 
As seen in the x-axis velocity plots (refer to Figure 32 & 33), the flow shows a defined 
division in the path of flow which is to be expected as flow passes either side of the pier. On 
the right side of the pier the flow is -10.7cm/s and on the left side is 10.6cm/s. The negative 
and positive velocities clearly show that the flows are going in opposite directions. At the rear 
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of the cylinder, the flow appears to cross over or “mix” this could mean that the flow is 
oscillating but without the use of time-averaged data it cannot be determined with certainty. 
These areas of apparent “mixing” are the prime characteristics for the formation of wake 
vortices.  
 
The z-axis plots (refer to Figure 34 & 35) which show velocities in the vertical direction have 
some clearly defined features that show the formation of vortices. With the formation of 
vortices there must be clearly defined velocities in the negative direction as flow is being 
dragged towards the bed. Where this bed is erodible it would create scouring patterns and 
bedding material would be removed and taken downstream. This has the potential to cause 
failures to any existing structures. In the cylinder pier, z-axis plot, as the flow approaches the 
pier there is separation in the boundary layer as stated above, this creates a negative pressure 
allowing for an increase in velocity vertically down the length of the pier. Areas A12, A13, 
and A14 show a large velocities in the negative direction (towards bed) of -10.6, -9.4, and -
10cm/s respectively. These are the largest negative areas in the flow and as such are likely to 
cause to most severe erosion which proves previously conducted research, in that the most 
severe erosion generally occurs directly in front of the obstruction. Areas A12 and A13 are 
most likely diluted by the high velocities in the y direction (upstream/downstream, horizontal 
velocities) but will still cause moderate erosion. Area A14 will cause acute local erosion as 
the formed vortex has strong velocities down the length of the pier and are stable in their 
location as there are no cross-stream or downstream velocities in that area.  
 
At the rear of the cylinder there is a distinct area, A10, where there are smaller vortices 
forming. In the x-axis plots there was an oscillating pattern to the flow path. This is also seen 
in the z-axis plots where the negative velocity areas are moving from one side of the cylinder 
to the other. Area, A10 shows a negative velocity of -3.1cm/s which is substantially less than 
the front of the pier which in turn is a weaker vortex and will cause less scouring. A9 shows 
the balancing area of flow where the negative velocity towards the bed at A10 will cause a 
similar positive flow towards the surface at A9, at this stage it is underdetermined whether 
this will cause erosion or not.   
 
6.3 Standard Aerofoil Pier (without skirt) 
Automatically it can be seen that the standard aerofoil flow patterns are more streamlined 
then that of the cylindrical pier. 
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As with the cylinder pier the flow (refer to Figure 36 & 37) approaches the pier and reduces 
to a velocity (B7) of 8.0cm/s which will approach zero at the surface of the pier. As it flows 
around the front of the pier it increases in velocity due to the reduction in flow width.  
Therefore high velocity areas are formed either side of the pier, B5 and B6 with velocities of 
29.2 and 29.1 cm/s respectively. These high velocity areas continue down the length of the 
pier (B4) until the width of flow returns to normal. 
 
At the back of the pier there is a low velocity area directly behind the pier measured at 
7.0cm/s. This low velocity area is quite streamlined and does not significantly disrupt 
surrounding downstream flow patterns. Downstream of the pier the channel velocities slowly 
return to normal, B3, B2, and B1 with velocities of 7.0, 11.5, and 13.8cm/s respectively.  
 
Flow in the cross-stream direction (refer to Figure 38 & 39) is principally uniform for the 
standard aerofoil pier. As documented, the flow interacts with the pier it moves to either side 
creating alternate velocities in areas B9 and B10 of 8.5 and -8.7cm/s respectively.  These 
flows continue down to the end of the pier uniformly and continue downstream. As seen at 
B8, the flow continues past the pier uniformly with no observable mixing (apparent mixing 
may attribute to oscillations within the flow), therefore reducing the likelihood of the 
formation of a vortex. This is primarily due to the tapered design of the pier itself and with 
this design that local negative pressure area that is commonly formed at the downstream side 
of the pier is minimised. 
 
In the aerofoil pier, z-axis plots (refer to Figure 40 & 41), there are distinct patterns of flow 
towards the flow bed. This is especially present around the front of the pier in areas B14, 
B15, and B16. These are areas were the flow is forced down the surface of the pier creating a 
negative velocity which in turn will produce erosion around the base of the pier. Points B14, 
B15, and B16 have velocities of  -9.0, -9.1, and -7.6cm/s respectively, but B14 and B15 will 
have mitigated erosion due to the high downstream flows where as B16 will have a more 
direct scouring affect as there is little to no downstream flow just in front of the pier as stated 
earlier. Localised downstream scouring can also been seen at B12 and B13 (velocities of -4.6 
and -4.1cm/s) but are smaller and will also be weakened by the high velocity downstream 
flows in the area. 
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6.4 Prototype Aerofoil Pier (with skirt) 
The prototype aerofoil design has much the same flow characteristic as the standard aerofoil 
design with a few exceptions. 
 
In the prototype aerofoil y-axis contour plots (refer to Figure 42 & 43), the flow slows to a 
velocity of 7.2 cm/s at point C6 and theoretically equals zero at the surface of the pier. Like 
the other tested piers as the flow curves around the pier it creates regions of high velocity at 
C3 and C4. C3 and C4 have velocities of 26.7 and 27.3 cm/s respectively which are faster 
than the surrounding flow. These high velocity areas continue down the length of the pier 
until the flow width returns to normal once again. Directly behind the pier there is an area of 
low velocity (C5, 6 cm/s) which is created by the negative pressure as the water passes 
around the pier. Further away from the pier this low velocity area graduates back to normal 
flow velocity. Seen in area C1 this is quite streamlined and does not significantly affect 
surrounding flow patterns. 
 
On the x-axis plots (refer to Figure 44 & 45) there are negative and positive areas of flow 
caused by the water passing around by either side of the pier. These areas, C8 and C9 with 
relative velocities of -8.1 and 8.2 cm/s show the varying direction of the flow. In the area of 
flow at the rear of the pier (C7) it is shown that the patterns are streamlined hence reducing 
the likelihood of vortex formation. 
 
The prototype aerofoil plots of the z-axis (refer to Figure 46 & 47) show the observed vertical 
velocities that occur within the flow. It is observed that, as the water approaches and interacts 
with the pier (C14) it has a vertical velocity of 0.2 cm/s which can be approximated to zero.  
 
This is caused by the variation in the flow produced by the positive velocities generated by 
the water being deflected up the surface of the pier by the added skirt and the negative 
velocities due to the boundary layer separation forcing water down the length of the pier. 
These in turn negate each other creating an area with relatively no vertical flow. This in turn 
will have no vortex formation and no scouring directly in front of the pier which previously 
would have been an area of high erosion. Areas C12 and C13 still have negative velocities of 
-8.5 and -8.2 cm/s and have a larger affect downstream as these areas of negative velocity 
continue down the length if the pier (C11, 5.2 cm/s). Erosion may still occur down the side of 
the pier as there is a larger area of negative velocity. 
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6.5 Theoretical Scour Patterns 
Theoretical scour depth can be determined using equation 11 where a standard depth, d of 
0.1 m is used together with varying velocities. Using Figure 6, 7, and 8, the adjustment 
coefficients are determined using the shape, orientation and configuration of the pier.  
 
275 528/ ¤4/0,         e 6 1.0 D5/ 21 ..:¥, 0°        e 6 1.0 §/0 3./0 8:270,         e 6 1.1 
 
Using average velocity of 18.20 cm/s, calculated from Q=VA, 
\ 6 2.0 9 0.1 9 1.0 9 1.0 9 1.1 9 f0.0680.1 h




\ 6 0.1719 9 i.l 
 
\ 6 0.0826 - 
 
The velocity on the boundary (Table 1) of the data set for each pier is also used to calculate 
scour depth. These boundary velocities are taken in the centre of the velocity plot (bottom, 
middle of plots). By taking a velocity at the sample boundary upstream from the pier, it can 








26.568 cm/s 17.028 cm/s 14.173 cm/s 
Table 2 Velocities collected at sample boundary 
 
Scour depth is calculated from these velocities indicate that the piers influence the velocity of 
the upstream flow. The extent of which weaken the further away from the pier the sample is 







0.0972 m 0.0803 m 0.0742 m 
Table 3 Scour depth for boundary velocities 
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The data was also averaged along the centre axis of the velocity plots approaching the pier. 
The data was averaged from the upstream sample boundary along the centre axis for 50mm. 
These velocities are not generally applied to the scour equation as the equation has been 
determined for clear upstream velocities. Therefore the calculated scour depth is only used as 







23.693 cm/s  14.738 cm/s 13.790 cm/s 








0.0926 m 0.0755 m 0.0733 m 
Table 5 Scour depth from averaged data 
 
The calculated scour for the piers (Table 3) shows substantial difference between them. The 
Circular Pier has a predicted scour depth of 9.72 mm. By comparison the standard aerofoil 
pier has a depth of 8.03 mm and the prototype aerofoil of 7.42mm which show a depth 
reduction of 17.4% and 23.7% respectively. 
  
6.6 Comparative Analysis 
By comparing the pier profiles, the improvement to the pier designs can be determined. For 
reference the design velocity  as stated in the design section is 18.20 cm/s from 
which all the other velocities can be compared. Most measured velocities are larger than the 
critical velocity for scour of 4.05 cm/s (section 5.4). Therefore it can be said that if sediment 
with 0.0097 mm was placed in the hydraulic flume for testing, that significant erosion would 
occur.  
 
The standard aerofoil pier show obvious improvements on the standard cylinder shape. The 
aerofoil piers advantages relate primarily to the flow paths at the rear of the pier. As stated 
above the flow patterns at the rear of the cylinder have large area of low velocity downstream 
flow that appears to mix (or cross-over) in the x-direction (A8). This coinciding with the 
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negative velocity areas at A10 will cause vortices to form and vortex erosion to occur. The 
standard aerofoil, due to their streamlined design has none of these observable oscillations at 
the rear and therefore does not create these wake vortices that cause scouring. The aerofoil is 
quite effective in reducing downstream vortices and therefore downstream erosion which is 
the same conclusion made by Dirk Drysdale in his research conducted in 2008. But due to the 
shape and design of the front of the pier facing upstream being the same as the cylinder it has 
little effect in reducing any erosion from horseshoe vortices which have historically proven to 
be more severe.  
 
The z-axis plots for both the cylinder and standard aerofoil pier are very similar in that they 
both have pattern of high negative flow in the centre as well as directly either side of the 
frontal face. The primary focus is reducing the central negative velocity areas as they create 
the most severe scouring and this will lead to an increased chance of structural instability or 
failure. The aerofoil pier (A14) shows a slight decrease in this area compared to the cylinder 
(B16), from -10 to -7.6 cm/s but is still critical enough to scour away bedding material. 
 
Figure 29 Comparison of velocity at front of piers in the z-direction, cylinder pier (top), 
standard aerofoil pier (middle), and prototype aerofoil pier (bottom) 
 
The prototype aerofoil pier shows many facets of improvements over the standard cylinder 
and aerofoil designs. Like to standard aerofoil design, the prototypes streamlined design 
creates little downstream instabilities that are seen in the cylinder pier. This in effect reduces 
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the likelihood of wake vortices forming. Therefore this pier is effective in reducing erosion 
and degradation downstream of the pier. 
 
The prototype pier also reduces the formation of horseshoe erosion at the base of the pier. As 
seen at point A14 (-10 cm/s) in the cylinder plots, and B16 (-7.6 cm/s) from the standard 
aerofoil plots, the added skirt on the prototype reduces the velocity at the upstream face of the 
pier to 0.3 cm/s which is a vast improvement over the past two designs. Therefore there are 
no negative velocities at the face to cause horseshoe erosion. This will dramatically reduce 
erosion directly around the base of the pier preventing any potential failures. The prototype 
pier is therefore effective in reducing the primary causes of erosion and scouring that lead to 
failures in many structures that are positioned in flow and waterways. 
 
Note that in all the tested piers there are areas of negative velocity directly either side of the 
pier that none of the designs have countered. This area is said to be negligible as the high 
velocity downstream flow will weaken any potential formed vortex but these area may want 
to be included as factors in future research. 
 
6.7 Quality Assessment 
As with testing there are certain factors that arise throughout the procedure that impact on the 
overall accuracy of the data.  
 
As noted oscillations within the flow can only be determined by using gathered velocity data 
for a set period of time. Given the produce velocity contour plots it can be seen that the time-
averaged data is effective in providing an insight into the overall characteristics of the sample 
area. Significant areas can be determined and theses may be used in future research to 
collected more detailed information for these areas. From all the reviewed literature, the areas 
that scour due to the formation of vortices are the same area in the contour plots that show the 
largest variation for of flow. This in turn, means that velocity contouring can be used to 
determine the position of vortices in a sample area and may also provide a clue to their 
intensity. More research is required to determine the exact relations between velocities and in 
the x, y and z direction and how to apply them to establish the vortex intensity. 
 
The pump system that is attached to the hydraulic flume in the laboratory was unable to 
accurately maintain the required discharge of 666L/min and at times fluctuated up to 
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±50L/min. This is an unacceptable as the flow is constantly varying up to ~7.5% which 
creates irregularities in the data collection. The pump at times would become clogged due to 
some unseen factor and release the discharge in inconsistent bursts that produce a sizable 
wave travelling up the channel. In these flow condition data collection is pointless as there is 
neither a constant discharge or water height from which to take readings. When this occurred 
the pump was switched of and restarted until the pump cleared itself of any debris. 
 
In the interpretation of the data, average velocity values were used to create the contour plots. 
In using average velocities, small details of the flow can be lost. With more sophisticated 
software and programming the formed vortices may be tracked downstream and their 
intensity mapped with more detail but this is not the case in using average data. Average data 
provides a substantial insight into the flow characteristic and in future this may be expanded 
upon to produce a more detailed view of vortex formation within a flow.  
 
In using a non-erodible bed instead of suitable bedding material, it prevents the formed 
vortices from fully forming. Generally, in natural flows, a vortex will form an increase in 
intensity as the material is eroded away creating large scour holes. As these scour hole are not 
formed it does not allow the vortex to increase in severity and eventually reach a state of 
equilibrium. Therefore the collected figure and data provide only a general representation of 
the intensity of formed vortices and related erosion patterns. 
 
In future research areas these experimental inconsistencies may be improved upon to increase 
the overall accuracy and efficiency of the results. As it stands the collected data provides an 
adequate picture of vortex formation and is sufficient to prove the theories of this research. 
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Chapter 7. Conclusion 
There are currently processes and design standards in place for preventing erosion and 
scouring, but they are generic options that reduce the effects of scouring rather than 
preventing scouring completely.  These processes include avoiding construction in particular 
flow patterns, minimising obstructions to the flow, and placing pier foundations sufficiently 
deep with protective rip-rap to prevent structural failure. 
 
These measures do not necessarily prevent failure from erosion occurring. More focus needs 
to be made on the individual shape of bridge piers to optimise them for their particular use. 
 
From this research it is concluded that pier shape and design significantly affect its 
performance in a flow. The pier was designed to be streamlined in the flow direction to 
reduce wake vortices while the skirt around the base of the pier deflects fluid up towards the 
surface of the flow counteracting the flow towards the base. The manufactured prototype 
aerofoil pier was concluded to be effective in reducing both the upstream horseshoe vortices 
and the downstream wake vortices. The exact reduction figures require more research before 
they are stated with confidence, but erosion calculations show almost a 25% decrease in 
scour depth.  The pier was therefore concluded to reduce the effects of erosion and scouring. 
 
From the cylinder, to the standard aerofoil, and the prototype aerofoil design, improvements 
are made at each step to optimize the performance. With continued research an optimal 
design will be found that negates the effects within the flow that cause erosion. 
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Chapter 8. Future Areas of Research 
This research can later be expanded to take into account different areas of vortex formation 
and scour patterns.  The data contained within this research, is only a small part of this area of 
study and future area that may be investigated are:    
 
 Effect of different bedding material, 
Determine the difference between using bedding materials of sand, clays and rocks; 
 
 Analysis of optimum gradient of slope on pier, 
Analyse different skirt gradients to determine efficiency ratings and an optimal design; 
 
 Testing of alternative bridge pier shapes, 
 
 Testing of alternative material for bridge pier, 
Manufacturing the piers out of varying materials such as other woods, plastics, or fibre 
composites to alter the related friction factors; 
 
 Field testing for bridge piers,  
Using piers scaled to dimensions of , 
,, 6 0.2223 -  6 711.4  710 -- #," 6 40--  ," 6 187.3 -- 
To test in the hydraulic flume located in the University of Southern Queensland Ag-Plot 
which has a cross-section of 2 metres by 0.7 metres and will be more effective 
comparison to “real-life”. 
 
 Further software testing, 
Use of more accurate modelling software to provide a more detailed outline of vortex 
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• Measuring erosion using of specialised equipment,  
Use of equipment such as, the Terrestrial Laser Scanners which uses high definition laser 
scanning to capture large amounts of spatial data quickly and accurately making them an 
important tool for those working with spatial information. The data is compiled by going 
through the steps of registration, geo-referencing, data clean-up, point selection and 
model/2D drawing creation.  These models can obtain detailed 3-dimensional plots of 
erosion and scour holes from which the dimensions can be extrapolated to determine the 
effective depth of the scour. 
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Appendix A. Project Specification 
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Appendix B. Generated Contour Plots 
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Figure 32 and Figure 33 Cylinder Pier Contour Plots: X-axis Velocity 
 
Figure 34 and Figure 35 Cylinder Pier Contour Plots: Z-axis Velocity 
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Appendix C. Data Collection Points 
Table 6 Collection Points of significant data 
Hydraulic Flume Data Collection Point 
# 
Circular Pier Aerofoil Pier Prototype Aerofoil Pier 
Perpendicular 
to Flow, x 
Parrallel 
to Flow, y 
Perpendicular 
to Flow, x 
Parrallel 
to Flow, y 
Perpendicular 
to Flow, x 
Parrallel 
to Flow, y 
1 168 150 168 50 168 50 
2 178 150 178 50 178 50 
3 188 150 188 50 188 50 
4 198 150 198 50 198 50 
5 208 150 208 50 208 50 
6 218 150 218 50 218 50 
7 228 150 228 50 228 50 
8 238 150 238 50 238 50 
9 248 150 248 50 248 50 
10 258 150 258 50 258 50 
11 268 150 268 50 268 50 
12 278 150 278 50 278 50 
13 288 150 288 50 288 50 
14 298 150 298 50 298 50 
15 308 150 308 50 308 50 
16 318 150 318 50 318 50 
17 328 150 328 50 328 50 
18 338 150 338 50 338 50 
19 348 150 348 50 348 50 
20 358 150 358 50 358 50 
21 368 150 368 50 368 50 
22 378 150 378 50 378 50 
23 388 150 388 50 388 50 
24 398 150 398 50 398 50 
25 408 150 408 50 408 50 
26 418 150 418 50 418 50 
27 428 150 428 50 428 50 
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28 438 150 438 50 438 50 
29 448 150 448 50 448 50 
30 458 150 458 50 458 50 
31 468 150 468 50 468 50 
32 168 200 168 100 168 100 
33 178 200 178 100 178 100 
34 188 200 188 100 188 100 
35 198 200 198 100 198 100 
36 208 200 208 100 208 100 
37 218 200 218 100 218 100 
38 228 200 228 100 228 100 
39 238 200 238 100 238 100 
40 248 200 248 100 248 100 
41 258 200 258 100 258 100 
42 268 200 268 100 268 100 
43 278 200 278 100 278 100 
44 288 200 288 100 288 100 
45 298 200 298 100 298 100 
46 308 200 308 100 308 100 
47 318 200 318 100 318 100 
48 328 200 328 100 328 100 
49 338 200 338 100 338 100 
50 348 200 348 100 348 100 
51 358 200 358 100 358 100 
52 368 200 368 100 368 100 
53 378 200 378 100 378 100 
54 388 200 388 100 388 100 
55 398 200 398 100 398 100 
56 408 200 408 100 408 100 
57 418 200 418 100 418 100 
58 428 200 428 100 428 100 
59 438 200 438 100 438 100 
60 448 200 448 100 448 100 
61 458 200 458 100 458 100 
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62 468 200 468 100 468 100 
63 168 -69 168 150 168 150 
64 468 -69 178 150 178 150 
65 168 -150 188 150 188 150 
66 468 -150 198 150 198 150 
67 168 0 208 150 208 150 
68 228 0 218 150 218 150 
69 248 0 228 150 228 150 
70 268 0 238 150 238 150 
71 278 0 248 150 248 150 
72 288 0 258 150 258 150 
73 298 0 268 150 268 150 
74 308 0 278 150 278 150 
75 318 0 288 150 288 150 
76 328 0 298 150 298 150 
77 338 0 308 150 308 150 
78 348 0 318 150 318 150 
79 358 0 328 150 328 150 
80 368 0 338 150 338 150 
81 388 0 348 150 348 150 
82 408 0 358 150 358 150 
83 468 0 368 150 368 150 
84 228 -69 378 150 378 150 
85 408 -69 388 150 388 150 
86 248 -69 398 150 398 150 
87 388 -69 408 150 408 150 
88 268 -69 418 150 418 150 
89 368 -69 428 150 428 150 
90 278 -69 438 150 438 150 
91 358 -69 448 150 448 150 
92 318 -69 458 150 458 150 
93 268 -25 468 150 468 150 
94 368 -25 168 200 168 200 
95 300 75 178 200 178 200 
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96 318 50 188 200 188 200 
97 336 40 198 200 198 200 
98 318 -73 208 200 208 200 
99 318 -110 218 200 218 200 
100     228 200 228 200 
101     238 200 238 200 
102     248 200 248 200 
103     258 200 258 200 
104     268 200 268 200 
105     278 200 278 200 
106     288 200 288 200 
107     298 200 298 200 
108     308 200 308 200 
109     318 200 318 200 
110     328 200 328 200 
111     338 200 338 200 
112     348 200 348 200 
113     358 200 358 200 
114     368 200 368 200 
115     378 200 378 200 
116     388 200 388 200 
117     398 200 398 200 
118     408 200 408 200 
119     418 200 418 200 
120     428 200 428 200 
121     438 200 438 200 
122     448 200 448 200 
123     458 200 458 200 
124     468 200 468 200 
125     168 -300 168 -300 
126     318 -300 318 -300 
127     468 -300 468 -300 
128     168 -250 168 -250 
129     468 -250 468 -250 
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130     168 -220 168 -220 
131     468 -220 468 -220 
132     168 -150 168 -150 
133     468 -150 468 -150 
134     168 -100 168 -100 
135     468 -100 468 -100 
136     168 0 168 0 
137     228 0 228 0 
138     248 0 248 0 
139     268 0 268 0 
140     278 0 278 0 
141     288 0 288 0 
142     298 0 298 0 
143     308 0 308 0 
144     318 0 318 0 
145     328 0 328 0 
146     338 0 338 0 
147     348 0 348 0 
148     358 0 358 0 
149     368 0 368 0 
150     388 0 388 0 
151     408 0 408 0 
152     468 0 468 0 
153     228 -220 228 -220 
154     408 -220 408 -220 
155     248 -220 248 -220 
156     388 -220 388 -220 
157     268 -220 268 -220 
158     368 -220 368 -220 
159     278 -220 278 -220 
160     358 -220 358 -220 
161     318 -220 318 -220 
162     268 -50 268 -50 
163     368 -50 368 -50 
University of Southern Queensland 
Faculty of Engineering and Surveying 
Michael J Saunders  Pg.73 
164     288 -50 288 -50 
165     348 -50 348 -50 
166     308 -50 308 -50 
167     328 -50 328 -50 




University of Southern Queensland 
Faculty of Engineering and Surveying 
Michael J Saunders  Pg.74 
Appendix D. MATLAB Coding Sample 
*Note that this is Coding for Aerofoil Pier but coding for others are the same with 





cd(['F:\Research Project\Current Research Data\Aerofoil\',num2str(2000+ydistance),'\285']) 
for xdistance=168:10:468; 
xvalue=num2str(xdistance); 
[sample,time,event,x,y,z]=textread([xvalue,'_285.vel.csv'],'%f %f %f %f %f %f',... 














cd(['F:\Research Project\Current Research Data\Aerofoil\',num2str(2000+ydistance)]); 
for xdistance=[168,318,468]; 
xvalue=num2str(xdistance); 
[sample,time,event,x,y,z]=textread([xvalue,'_285.vel.csv'],'%f %f %f %f %f %f',... 
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cd(['F:\Research Project\Current Research Data\Aerofoil\',num2str(2000+ydistance)]); 
for xdistance=[168,468]; 
xvalue=num2str(xdistance); 
[sample,time,event,x,y,z]=textread([xvalue,'_285.vel.csv'],'%f %f %f %f %f %f',... 
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cd(['F:\Research Project\Current Research Data\Aerofoil\',num2str(2000+ydistance)]); 
for xdistance=[168,468]; 
xvalue=num2str(xdistance); 
[sample,time,event,x,y,z]=textread([xvalue,'_285.vel.csv'],'%f %f %f %f %f %f',... 













cd(['F:\Research Project\Current Research Data\Aerofoil\',num2str(2000+ydistance)]); 
for xdistance=[168,468]; 
xvalue=num2str(xdistance); 
[sample,time,event,x,y,z]=textread([xvalue,'_285.vel.csv'],'%f %f %f %f %f %f',... 
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cd(['F:\Research Project\Current Research Data\Aerofoil\',num2str(2000+ydistance),'\285']); 
for xdistance=[168,228,248,268,278,288,298,308,318,328,338,348,358,368,388,408,468]; 
xvalue=num2str(xdistance); 
[sample,time,event,x,y,z]=textread([xvalue,'_285.vel.csv'],'%f %f %f %f %f %f',... 



















    '%f %f %f %f %f %f','headerlines',2,'delimiter',','); 
averagev_y=abs(sum(y)/length(y)); 
averagev_x=(sum(x)/length(x)); 
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plot(x_store,y_store,'+'), hold off 
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Appendix E. Sample Amplitude Plots, from prototype 
aerofoil 
 
Figure 48 Amplitude Plot for Prototype Aerofoil, position 318, 0 
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Figure 51 Correlation Plot for Prototype Aerofoil, position 318, 0 
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Figure 54 Signal-to-Noise Ratio Plot for Prototype Aerofoil, position 318, 0 
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